The environmental degradation and hazard to human life caused by the depletion of fossils fuels and the urgent need for sustainable energy sources to meet the rising demand in energy has led to the exploration of novel materials that are environmentally friendly, low cost and less hazardous to human life for energy storage application using the green chemistry approach.
Introduction
Energy is crucial and a driving factor for the development of our society; technologically and socio-economically. The recent boom in energy demands from the energy sector due to increase in world population has led to the depletion of fossil fuels worldwide. Furthermore, the consumption of these fossil fuels is linked to environmental degradation that endangers human life, through climate changes and emission of greenhouse gas which often lead to high managements cost. Hence, there is a need for a paradigm shift from fossil fuels for the production of carbon materials for energy to a green and low-cost materials, to meet the increasing energy demand for sustainable and economic development 1, 2 . In this regard, it is necessary to look for materials that are abundant, renewable and sustainable sources for energy applications. Biomass is a viable renewable source of carbon materials (solid, liquid or gaseous product) for energy applications and currently supplies about ~14% of the world's energy due to the fact that they are readily available, low cost, regenerate rapidly, and are friendly and less harmful to the environment when compared with the fossil fuels [3] [4] [5] [6] [7] .
In order to meet and address the challenges of increasing demands, there has been a significant interest in the development of new, versatile, and scalable energy storage technology systems.
Amongst these systems, electrochemical double layer capacitors (EDLCs also known as supercapacitors) are attractive and their energy storage mechanism is based on electrical double layer charge accumulation at the interface between the electrode and electrolyte. They hold a considerable promise for a wide range of applications, including portable electronic equipment's, regenerative breaking systems, uninterruptable power sources, load leveling and hybrid electric vehicles, and so forth due to theirs high power density, fast charging-discharging mechanism and excellent long life cycle 8, 9 . Generally, the design and the electrochemical performance of EDLC are mainly dependent on the development of cost-effective electrode materials with a good representation of the pore structure and morphology. Carbonaceous materials are the most widely studied supercapacitor electrode active substances. They have been shown to have reasonable electrochemical performances, long-term cyclability and good electrochemical stability which are related to electronic conductivity and high specific surface area (SSA). While the most commonly used carbon material in the commercial industry is the activated carbon 10 . Other nanostructured forms of carbon such as carbon nanotubes (CNTs) 11, 12 , carbide-derived carbons (CDCs) 13, 14 , onion-like carbons (OLCs) 15, 16 and graphene 17, 18 are also explored as electrode materials for the next generation of EDLCs. Nevertheless, the energy density of EDLCs made from these materials is still small (< 10 Wh kg -1 ) when compared to their battery counterparts 19 . Hence, all research activities and effort are aimed at improving on the properties of EDLCs either by increasing the capacity of the EDLC electrodes by modifying the carbon materials with different functionalities 20, 9 or by increasing the operating potential window since the energy density of an EDLC device is directly proportional to its capacity and also the square of its operating potential window. Recently, significant progress has been made in utilizing sustainable biomass for various applications. For example the production of carbon materials from organic waste for energy and absorbents applications has received much attention due to the environmental and degradation effect associated with the depletion of fossil fuels as mentioned earlier 21, 22 . The natural, agricultural and organic wastes such as egg shell 23 , seaweeds 24 20 . Aside from the structural properties of these carbon materials, they are sustainable, low cost and pose no threat to the environment.
As a potential carbon sources, pine cones are common biomass waste which are abundant and widely available. Pines are coniferous trees in the genus Pinus family of the Pinaceae which arise in a wide range of environmental conditions. It sprouts up to 50 m in height with dark green needles and 5-10 cm length cones with rounded scales. Substantial amount of cones are produced yearly throughout the world, especially in pine plantations grown for the pulp and paper industry. They are mainly composed of cellulose, lignin and resins that contain a variety of organic compounds 37, 38 . Porous carbon from pine cone biomass have been extensively studied as biosorbent for metal, dye waste waters, nitrate uptake and removal of lead (II) ions from aqueous solutions by adsorption [39] [40] [41] [42] 
Experimental

Synthesis of activated pine carbon (APC).
The readily available pine cones (PC) collected from the University of Pretoria campus Hatfield, South Africa were used as raw materials. The cones were washed repeatedly with acetone and distilled water to remove adhering dirt and soluble impurities and dried at 60 °C. After drying, the cleaned PC was crushed to powder using a swing mill equipped with a tungsten carbide port and 8 g of the PC powder was then dispersed in 80 ml of distilled water containing 0.5 ml of sulphuric acid. The disperse was transferred into a stainless steel autoclave and was heated up hemispherical electron energy analyzer. Samples were analyzed at a 45º angle between the sample surface and the path to the analyzer. Survey spectra were taken at pass energy of 117.5 eV, with a step size of 0.1 eV, which was used to obtain the elemental analysis of the powders.
High-resolution spectra of C1s, N1s, and O1s regions were taken at pass energy of 23.5 eV, with a step size of 0.05 eV. The spectra were taken after the samples were sputtered with an Ar beam operating at 2.0 kV and 150 µA for 10 min. All binding energies were referenced to that of the binding energy of the Fermi level E f = 0 eV. Peak fitting for the high-resolution spectra was performed using CasaXPS Version 2.3.16 RP 1.6. Prior to the peak fitting the background contributions were subtracted using a Shirley function. Raman analysis of the sample was recorded using a WiTec-alpha 300R+ confocal Raman spectrometer (WiTec GmbH) with the laser power of 1.5 mW in order to minimize heating effects. The excitation source was a 532-nm laser through a numerical aperture of 0.9 and 100x magnification. FTIR spectra were recorded on a Vertex 70v (Bruker) spectrometer in the 4000-400 cm -1 range with 4 cm -1 resolution. Sample compartment was evacuated during acquisition. Spectra were recorded and analysed with the Opus software.
Electrochemical measurements
The electrochemical measurements were carried out on a multichannel VMP300
potentiostat/galvanostat (Bio-Logic, France) at room temperature. The working electrodes were prepared by mixing a paste containing 80 wt% APC material, 10 wt% poly(vinylidene fluoride) (PVDF) (in N-methylpyrrolidone) and 10 wt% carbon black coated on a nickel foam with a diameter of 16 mm. Afterwards, the working electrode was pressed and dried in vacuum at 80 °C overnight in an electric oven to ensure complete evaporation of the NMP. Each electrode has a mass loading of about 2.5 mg. The electrochemical test of the APC electrode was performed in a three electrode configuration using glassy carbon plate as counter electrode and Ag/AgCl (3 M KCl) as the reference electrode in 1 M Na 2 SO 4 aqueous electrolyte.
The symmetric devices were assembled such that two electrodes were separated by a 0.18 µm thick microfiber glass filter paper in CR2025-type coin cells. The cyclic voltammetry and galvanostatic charge-discharge tests for these devices were recorded in a potential window from 0 to 2 V at various scan rates and current densities. Electrochemical impedance spectroscopy (EIS) measurements were conducted in a frequency range of 100 kHz to 0.01 Hz with an open circuit voltage using a sinusoidal signal of 5 mV. The gravimetric capacitance for the single electrode was calculated according to 46 :
(1)
where I is the current (A), dV/dt is the slope of the discharge curve (V) of the cell excluding the IR drop during the discharge process and m is the mass of carbon in one electrode (g). The factor of 4 accounts for the two electrode setup, where the charge is evenly distributed across two capacitors in series 46 . The energy density or maximum energy density E (Wh/kg), of the electrodes was estimated as (2) where C is gravimetric capacitance of the electrode (F/g) calculated from CD curves at different current densities, ∆V is the width of the voltage window (V). The specific power density, P (W/kg), of the electrodes was calculated by dividing the electrode energy density by the discharge time (h) at different current densities.
The Coulombic efficiency (ε also referred to as Faradaic or current efficiency) values were calculated from the charge-discharge curve using the following equations (4) where ∆t represent the charging and discharging time.
Results and discussion
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to investigate the structure and morphology of the as-synthesized materials. could be favourable for energy storage since it has been established that the porosity of the activated carbon materials governs its energy storage and power delivery capability 47 . In order to further investigate the structure of this sample Raman analysis was also performed and it shown in Figure 4 (a). The Raman spectrum depicted in the figure shows the two prominent peaks located at ∼ 1342 and ∼ 1587 cm −1 corresponding to C−C graphitic lattice vibration mode with A 1g symmetry and known to be characteristics of disordered graphite structure defect D-band and G-band (sp 2 -hybridized carbon) corresponds to an ideal graphitic lattice vibrational mode with E 2G symmetry, respectively 49 . The I D /I G ratios were calculated from the D and G bands intensities is 0.99 indicating a low degree of graphitic crystalline structure. A Fourier transform infrared spectroscopy (FTIR) measurement was also used to probe the surface chemistry of the sample and, confirm the XPS results and is shown in Figure 4 (b). The spectra of the raw pine before, after hydrothermal treatment and after carbonization exhibits a broad absorption band at ~ 3000-3600 cm -1 with a maximum at ~3354.9 cm -1 which is very pronounced after hydrothermal treatment and is assigned to O-H stretching vibration of the surface hydroxyl groups, while the band at ~ 2958.90 cm -1 before and after hydrothermal treatment shows the presence of aliphatic group (C-H) and the peak at 1647.1 cm -1 represents C=O stretching vibrations of ketones, aldehydes, lactones or carboxyl groups. Peaks observed between 1100.8 and 559.3 cm -1 (after hydrothermal treatment) may be assigned to the -C-Cand -CN stretching 42 . The very weak band at 2650 cm -1 after carbonization represents the asymmetric vibration of -CH x hydrocarbon groups 39 . Disappearance of some peak after carbonization was observed. For example the band at 3354.9 cm -1 due to (O-H) stretching is no longer visible. This is due to the fact that high temperature carbonization could lead to the breaking of the bonds of the carboxylic groups and evaporate them as volatile matter. confirming the good electrical conductivity for this material and demonstrate the formation of a double layer mechanism. The CVs are stable within this potential range and still within the thermodynamic stability window of water due to the increased electrolyte stable potential windows (ESPWs) when compared to both the acidic and alkaline aqueous electrolyte 50 . This large potential window is not surprising as it has been shown that neutral electrolyte can reach up to 2 V due to the fact that a neutral electrolyte has lower H + and OH -concentrations when compared to acidic and alkaline electrolytes, thus, a high over potential of for di-hydrogen evolution and oxygen evolution reactions can be expected which suggests an increase ESPW.
The large potential is related with the storage of nascent hydrogen in the carbon material below the thermodynamic potential for water decomposition 51, 20 . Below -0.9 V and above 0.9
V cathodic and anodic current leaps are observed which are indications of di-hydrogen and oxygen evolutions as the material approach -1 V and 1 V. range the CV still maintains its symmetric rectangular shape with a slight increase in capacitance value. At the maximum potential window of 2.0 V a current leap is observed which could be due to the evolution of gases or oxygenated surface functionalities generated from both the positive and/or negative electrode and the reactions with the electrolyte 19, 51 . The constant current charge-discharge (CD) was also measured at different voltage ranges and is presented in Figure 6 (b). The symmetrical triangular shape of the CD corroborates the formation of a double layer capacitor. The CD curves measurement show that the APC electrode material is stable at the maximum potential limit of 2 V without any distortion to the CD, hence further measurements were made at potential window of 2 V. easy accessible SSA and reaction sites in aqueous electrolyte which is user friendly compared to most organic electrolytes. Similarly, the pine cones were also carbonized at 700 °C and 900 °C to see the effect of activation temperature on the samples and the result is present in the supporting information. However, these samples showed very low electrochemical performance, demonstrating highly resistive CV shapes at a voltage of 1 V ( Figure S1 ). This low performance was related to the pore texture which exhibited a type II N 2 isotherm with H2 and H3 hysteresis loop for APC-900 °C and APC-700 °C respectively ( Figure S2 ). Signaling a complex pore or non-rigid aggregates structure of sigmoid or macroporous which are not beneficial for high electrochemical performance, since it has been established that the volume of active micropores present in the material (< 2 nm in size) acts as ion traps for energy storage and power delivery, mesopores (2 -50 nm) provides the pathways for ion transport and the macropores (> 50 nm in size) playing the role of an ion buffering reservoir 53 . These results further confirms and demonstrate that activation of material using KOH and carbonization 800 °C yields the optimum micropore volume in carbon materials for electrochemical energy storage 54 .
In addition to the excellent rate capability of this material, long cycling stability test was conducted under a constant charge at a current density of 5 A g -1 for 10,000 cycles. Figure 7 (e)
shows the ε and gravimetric capacitance of the symmetric cell. The capacitance retention was almost 100% retention; no notable degradation in capacitance value was observed rather there were fluctuations in the ε plot between 2000 and 4000 cycles after which the ε was stable.
Cycling test based on floating was further used to investigate the long-term stability 63 . Figure 7 (f) shows the stability during voltage-holding over 100 h. Floating at 2 V has a significant impact on the capacitance which slowly increases during the ageing time. As observed from the figure there was a rapid increase in the capacitance to about 120 F g -1 before starting to show decay.
The increase in capacitance we attribute to the expansion and swelling of the APC porous structure during the ageing time thus creating more accessible surface for adsorption of ion from the electrolyte hence increasing the capacitance of the cell. Most importantly the specific capacitance was still ~60 F g -1 after holding for 100 h. Such excellent cycling stability is attributed to the structural properties with a relatively high pore volume and robust network preventing crumbling or disintegration of the porous structure.
Electrochemical impedance spectroscopy was used to study the ion transport mechanism and further to demonstrate the performance of the APC-based symmetric supercapacitors. Figure 8 (a) shows the Nyquist plot with a nearly straight line in the low-frequency region and an arc in the high-frequency region indicating a distinct capacitive behavior of porous carbon electrodes.
The arc in the high frequency region is related to charge transport phenomena (R CT ). From the high frequency range data analysis, the ohmic resistance (R S ) was estimated. R S includes the intrinsic resistance of the electrode materials, the electrolyte, and the contact resistance between the interfaces of electrodes, electrolyte, and current collector 64 . The inset of Figure 8 (a) shows the magnified high frequency region showing the R S value of 1.5 Ω and the corresponding R CT was measured at the diameter of the arc as 1.9 Ω. This R CT value is related to the morphology of the APC electrode material facilitating a rapid charge transfer process. The
Nyquist plot before and after cycling is shown in Figure S3 . From the Figure, an increase in the R S value was observed while a decrease in R CT was also observed. The increase in R S could be due to the formation of inactive sites caused by the partial collapse of the three dimensional structure during the cycle test.
The fitting of the Nyquist spectrum was performed by a modified Randles circuit with a set of resistors and capacitors in series and parallel using a fitting program ZFIT/EC-Lab version 10.40 and is represented in Figure 8 Wh kg -1 and excellent cyclability. These results in neutral 1 M Na 2 SO 4 electrolyte are quite interesting, encouraging and showed the applicability of pine cones derived carbons, demonstrating the exciting potential for a low-cost porous carbon which could attract interest from the industry for potential application in energy storage, absorbent and catalysis.
